In order to clarify the laminar drag reduction and the slip velocity on a hydrophobic surface, the pressure loss of a rectangular duct was measured while applying various types of wall surface qualities to the duct inner wall. Test wall surfaces were classified into three types according to surface characteristics, which were a hydrophobic coating surface, a fine rectangular groove surface, and a fine rectangular groove with a hydrophobic coating. The directions of the fine rectangular groove are parallel, vertical, and random in the flow direction, and the widths are 5 and 10 µm. For fine rectangular grooves with a hydrophobic coating surface, it was clarified that the laminar drag reduction occurred in the Reynolds number range of 150 < Re < 770. The maximum drag reduction ratio is approximately 13% at Re = 649. The Reynolds number range in which the drag reduction occurred increased with decreasing width of the groove, and the direction of the grooves did not affect the drag reduction effect.
Introduction
Drag reduction phenomena in fluid flow have recently been examined from the viewpoint of energy savings in practical applications for engineering technology, and many studies have been conducted in this area of research. The goal of reducing the drag in a turbulent flow region is turbulence modification by flow control. This goal has been realized by adding drag reducing high molecular polymer or surfactant into liquid. Although the drag reduction method is restricted to the target of liquid flow, the riblet surface can be applied to liquid or gas flows in order to obtain the drag reduction. However, it is impossible to obtain a drag reduction in a laminar flow region by applying these techniques because turbulence does not exist in this flow region. Generally, flows related to industrial applications are nearly turbulent. However, recently, the reduction of drag is important for the laminar flow region that occurs in a high viscosity liquid transport system or in very-low-order flow systems, such as those associated with micro-machines.
At the continuum hydrodynamics level, it is almost universally accepted that the boundary condition for a real fluid at a solid wall is the "no-slip" condition, i.e., the fluid velocity matches the velocity of the solid boundary. Thus, if fluid slip occurs at the solid wall, drag reduction can occur in the flow range. For laminar skin friction reduction, we reported the experimental results obtained for the friction factor of a circular pipe with a highly water repellent wall. (1) The wall surface has a fractal-type microstructure with several fine grooves. It has been clarified that the apparent fluid slip velocity occurs at the highly water-repellent wall with the interface between gas and liquid. On the other hand, the existence of fluid slip has also been observed based on the pressure drop measurement (2) of a hydrophobic glass tube and the velocity profile measurement (3) of a micro-scale hydrophobic tube by a µ-PIV system. Tyrell and Attard (4) clarified the existence of micro bubbles on the hydrophobic wall in water by means of an atomic force microscope and reported that fluid slip occurred by means of these bubbles.
However, experiments have demonstrated the existence of two types of hydrophobic walls: drag reducing and non-drag reducing, for the same flow system size, despite of the high water repellency of these walls (5) . The discrepancy between these data is interpreted as indicative of new effects of flow on a hydrophobic wall. Thus, it is necessary to clarify the effect of the microstructure of the drag reducing hydrophobic wall on the fluid slip that occurs in the conventional flow system.
The purpose of the present study is to clarify experimentally the effect of the microstructure of the hydrophobic wall on the skin friction of a laminar flow in a flow system on the 10-µm-order scale by pressure measurement and flow visualization. The results reveal the friction factor and flow behavior near the wall of a channel flow. Figure 1 shows micrographs (5) of two types of highly water-repellent walls that have contact angles of approximately 150 degrees. The walls shown in Figs. 1(a) and (b) are the drag reducing and non drag reducing walls, respectively. The wall shown in Fig. 1 (a) has several fine arranged-randomly grooves having widths of approximately 10 µm, and the wall shown in Fig. 1 (b) is very rough but has no grooves. The grooves of the drag reducing wall were examined, and hydrophobic walls with the micro-structures shown in Fig process on a silicon basis. The vertical grooves have widths of 5 and 10 µm, and the groove area ratio is determined as 15% for the total surface area by referring to the experimental results (5) . The dimensions of the test wall are listed in Table 1 , and Types A, B, and C denote, respectively, a wall coated by a highly water-repellent spray only, a wall with several fine grooves, and a wall with several fine grooves coated by a highly water-repellent spray. A silica particle having a diameter of approximately 200 nm and a silicon resin are the main components in the treatment spray (HIREC X1, NTT-AT), and the surface condition is similar to the wall, as shown in Fig. 1(b) . The drying time is approximately eight hours at 80°C using a dry oven. A micrograph of a wall coated by the treatment spray is shown in Fig. 3 . The roughness of the wall is that of a hydraulic smooth wall. This was confirmed using a microscope for the Type C wall, for which the shape of the grooves is maintained after the coating. Figures 4(a) and (b) show micrographs of 10-µℓ water droplets on a 5-µm vertically grooved wall that was not coated with a highly water repellent spray and on a 5-µm vertically grooved coated with a highly water repellent spray, respectively. As shown in Fig.  4(b) , the water-repellency of the coated wall was high compared with that of the non-coated wall because the shape of the droplet is spherical. HIREC X1  2  parallel  10  66  20  15  3  vertical  10  66  20  15  4 r a n d o m 1 0 6 6 2 0 1 5  5  parallel  5  33  20  15  6  vertical  5  33  20  15  7  random  5  33  20  15  8  parallel  10  66  20  15  9  vertical  10  66  20  15  10  random  10  66  20  15  11  parallel  5  33  20  15  12  vertical  5  33  20  15  13  random  5  33  20  15   Type  No Chemical treatment Groove -B -C H IR E C X 1 
Experimental apparatus and method 1 Test Hydrophobic Wall

2 Skin Friction Measurement
Measurement of the skin friction was performed by the measuring the pressure drop of a square duct, one side of which is made up of the test wall. Figure 5 shows a schematic diagram of a pipeline system, which consists of an inlet length and the test section. The test fluid is tap water, which flows in the test section at constant pressure using an over flow head tank. The flow system size is 12×12 mm in the channel section. The pressure difference of 50 mm of duct length in the test section is measured by means of a pressure transducer (DP 103-06, Validain). The flow rate is varied by a control valve placed in the pipeline exit and is measured by means a dial scale. The reported pressure measurement at Re = 150 for the normal wall duct is the best estimate of the result, and with 95% confidence, the true value is believed to lie within 3.22% of the estimated result.
Results and discussion
The experimental results for the friction factor are shown in Fig. 6 . In Fig. 6 , λ and Re are the friction factor and Reynolds number, respectively, of a channel flow. The experimental data for Type A and B walls agree well with the analytical results for a square duct obtained using the no fluid slip boundary condition and the Brasius formula for laminar and turbulent flow regions, respectively. However, the data for the Type C wall decrease slightly in the low Reynolds number range of Laminar flow, compared with the analytical results for the no-slip condition. According to the increase in the Reynolds number, the data agree with these formulas. In other words, drag reduction does not occur in this region. This tendency of the experimental data is recognized for both the vertical grooves and the grooves arranged randomly with respect to the flow direction.
We rearranged the experimental data of the Type C wall in the low Reynolds number range of 100 < Re < 1,000 in order to clarify the drag reduction phenomena by taking the product of λ and Re . Figures 7(a) and (b) show the results for 10-µm-and 5-µm-wide grooves, respectively, of the Type C wall. There are a few differences in the data obtained for the groove of different shapes. However, in the range of Re < 700, the 5-µm-wide groove experiences a drag reduction, compared to the 10-µm-wide groove. The maximum drag reduction ratio is approximately 13%, as shown in Table 2 .
It is convenient to estimate the order of the friction factor if the analytical result is given. Watanabe et al. (1) obtained the analytical result for the friction factor of a circular pipe with fluid slip by applying Navier's hypothesis (6) as follows:
where u s is the slip velocity at the wall, τ w is the wall shear stress, and β is the sliding coefficient. where w is the axial velocity, p is the pressure, and µ is the viscosity of fluid. We can reduce the axial velocity w by applying the boundary condition of Eq. (1) to Eq. (2).
Finally, the analytical result for the friction factor λ of a duct with fluid slip at one side wall, as shown in Fig. 5 , is obtained as: (3) n = 1, 3, 5, 7, ⋅⋅⋅⋅⋅ where ε is the aspect ratio of the duct. The aspect ratio of a duct for which the width and height of the section are defined as x = 2a and y = 2b is given as ε = (a/b). For a square duct, ε = 1.
In general, although it is very difficult to estimate the value of the sliding constant, β, because it depends on the physical properties of the wall and fluid, we can analogize the value based on previous research (1) . If we substitute β = 1.17 (Pa⋅s/m) into Eq. (2), the analytical result is obtained as Re⋅λ = 51.8, as shown by the dotted line in Fig. 7 . The analytical result agrees well with the experimental data in the low Reynolds number range. However, this does not fit the data in the large Reynolds number region because the experimental data increases with increasing Reynolds number.
As mentioned above, the gas interface in the groove is important for the occurrence of an apparent fluid slip at the wall. The decrease of the drag reduction ratio with the increase in the Reynolds number is considered to be caused by the varnish on the interface in the grooves. It is therefore necessary to experimentally clarify the behavior of the gas interface in the groove in order to clarify the drag reduction phenomena. Figure 8 shows the experimental apparatus used for flow visualization. In Fig. 8 , a 5-µm-wide test wall, which is vertical with respect to the flow direction, is arranged as the upper wall of the flow channel. The flow channel is a 12 × 6 mm duct in the flow system. The test wall is constructed of glass coated by a highly water repellent spray after the etching process. The case when no coating was applied to the wall was also investigated to determine the difference that the coating made. The light source is positioned on upper the wall, and photographs are taken by means of a microscope.
The visualization photographs are shown in Figs. 9(a) ~ (c). The walls shown in Figs. 9(a) and (b) correspond to Type B and Type C in Table 1 , which are non-drag reducing and drag reducing walls, respectively, in the listed Reynolds number range. At Re = 150, white stripes are recognized in Fig. 9(b) , but they are not seen in Fig. 9(a) . The pitch of the stripes agrees with that of the grooves. As the Reynolds number increases, the white stripes, seen in Fig. 9(b) , become broken, as shown in Fig. 9(c) . The stripes clearly indicate the gas interface in the grooves, and they are broken by the increase in the wall shear stress.
Fig. 8 Schematics of visualization devices
Consequently, the gas interface is important in generating the apparent fluid slip at the hydrophobic wall with a micro structure.
Summary
Three types of walls with micro structure were constructed by an etching process and the skin friction was measured using a channel flow system in order to clarify the drag reduction phenomena with the apparent fluid slip at the walls. Drag reduction was observed in the friction factor of the square duct with one side wall coated with a highly water-repellent spray in the range of 150 < Re < 770, and the maximum drag reduction ratio was approximately 13%. The 5-µm-wide grooves were effective for drag reduction for a flow system of this scale. The visualization results indicated that the gas interface in the grooves is retained for the wall coated with a highly water-repellent spray, but not for the non-coated wall. Since the drag reduction does not occur in the region without the interface, the gas interface is a necessary component in this phenomena. The agreement between the experiments and the analytical solution obtained from a macroscopic viewpoint using the fluid slip boundary condition was good.
